Introduction
============

Individuals homozygous for a 32-bp deletion (*CCR5-*Δ32) in the *CCR5* gene are almost completely resistant to HIV-1 infection, with no significant effects on health.^[@bib1],[@bib2]^ In a ground-breaking report, an HIV-1--positive individual with acute myeloid leukemia was treated by transplant of hematopoietic stem and progenitor cells from a *CCR5-*Δ32 homozygous donor and was cured of HIV-AIDS, with no detectable HIV-1 despite discontinuation of antiretroviral therapy for more than 5 years.^[@bib3],[@bib4]^ Notably, individuals heterozygous for this mutation also have a substantially reduced disease progression rate: hence ablating even a single allele of *CCR5* can have a significant impact on disease susceptibility, making *CCR5* an attractive target for gene therapy.^[@bib5],[@bib6]^

We have developed triplex-forming peptide nucleic acids (PNAs) that specifically target the *CCR5* gene by binding to the DNA and forming a PNA/DNA/PNA triple helix through a combination of Watson--Crick strand invasion and Hoogsteen bonding. This altered helical structure triggers recombination of short donor DNA fragments into the target gene in the vicinity of the triple helix to introduce an inactivating mutation.^[@bib7]^ We hypothesize that the use of this technology to mimic the effect of the naturally occurring Δ32 mutation in primary human lymphocytes should make it possible to generate immune cells resistant to HIV-1 infection. In prior work, using electroporation to introduce the PNAs and donor DNAs into THP-1 cells (a human monocytic leukemia cell line), we showed that triplex-forming PNAs were able to bind in a sequence-specific manner to the *CCR5* gene and induce recombination in the vicinity of the Δ32 mutation, resulting in reduced susceptibility to HIV-1 in culture.^[@bib7]^

However, in view of the toxicity of electroporation on primary hematopoietic cells (the clinically relevant target), we tested the ability of biodegradable nanoparticles (NPs) to achieve delivery of encapsulated PNAs and donor DNAs into peripheral blood mononuclear cells (PBMCs), a modality that is also capable of increasing the bioavailability of the encapsulated mediators for *in vivo* applications.^[@bib8],[@bib9]^ NPs composed of poly (lactic-co-glycolic acid) (PLGA) were used, as this polymer has been established to be safe in patients for over 30 years.^[@bib10]^

We report here the characterization of these PLGA-NPs and their use in targeting the *CCR5* gene in human PBMCs. We started with PBMCs heterozygous for the naturally occurring *CCR5-*Δ32 mutation, representing the genotypes of approximately 10% of the European-derived populations.^[@bib11]^ Using PLGA-NPs, PNAs and donor DNAs were successfully delivered into the PBMCs, producing targeted modification of the *CCR5* gene at a frequency in the range of 1% with minimal toxicity. Importantly, off-target effects in the highly homologous *CCR2* gene were more than 200-fold lower. Engraftment of treated PMBCs was uncompromised in NOD-*scid* IL2rγ^-/-^ mice, with the introduced *CCR5* modification detected in splenic human leukocytes 28 days posttransplantation. Moreover, mice transplanted with the *CCR5*-modified PBMCs were resistant to HIV-1 infection, displaying preservation of CD4^+^ T-cell levels that was accompanied with reduced levels of plasma viral RNA at 10 days postchallenge with HIV-1. By contrast, mice transplanted with PBMCs treated with empty, blank NPs, showed a drastic depletion of CD4^+^ T cells and high levels of viremia, consistent with viral replication. This work demonstrates the utility of PLGA-NP--delivered PNAs and donor DNAs for the gene editing of *CCR5* with a high specificity, providing the basis for a possible new therapeutic approach for HIV-1 infections.

Results
=======

Formulation of NPs containing oligonucleotides targeting *CCR5*
---------------------------------------------------------------

The sequences and characterization of the triplex-forming PNAs and donor DNAs used in this study were previously described in Schleifman *et al.* and are summarized here in **[Figure 1a](#fig1){ref-type="fig"}**.^[@bib7]^ We previously reported an improved design of the triplex-forming PNA which resulted in a higher binding affinity *in vitro* and a 4.5-fold increase in targeted modification of the *CCR5* gene in human cells. This improved PNA design, called a tail-clamp PNA (tcPNA), consists of two single strands of PNA connected by a flexible linker. As with triplex formation in general, it still requires a homopurine target site for the formation of a PNA/DNA/PNA triplex. The tcPNAs, however, also include additional bases (forming a "tail") on the Watson--Crick-binding domain of the PNA, which not only serve to increase the targeting specificity by binding to a longer target site but also allow for binding to mixed sequences beyond the homopurine stretch (**[Figure 1a](#fig1){ref-type="fig"}**). We encapsulated this tcPNA (tcPNA-679) along with donor DNAs in PLGA-NPs for targeted modification and inactivation of the *CCR5* gene in human PBMCs.

PLGA-NPs containing PNAs and donor DNAs targeting the human *CCR5* gene (*CCR5*-NPs) were formulated by a double-emulsion solvent evaporation technique, with a total of 1 nmol of nucleic acid per milligram of PLGA. Particles were generated with 0.25 nmol of each donor DNA per milligram of PLGA plus 0.5 nmol of the triplex-forming PNA per milligram of PLGA. NPs exhibited spherical morphology and size distributions in the 150-nm range as determined by scanning electron microscopy (**[Figure 1b](#fig1){ref-type="fig"}**, inset). Release of PNAs and donor DNAs from the NPs was quantified by measuring the absorbance of aliquots at 260 nm taken over time from particles incubated in PBS. The *CCR5*-NPs released greater than 90% of their contents within the first 12 hours, with almost complete release by 24 hours (**[Figure 1b](#fig1){ref-type="fig"}**).

Uptake and toxicity of NPs in PBMCs
-----------------------------------

Using the technique of triplex-induced homologous recombination, we sought to target and knockout *CCR5* in PBMCs because this cell population contains the CD4^+^ lymphocytes that otherwise become depleted during progressive HIV-1 infection. This primary cell population, however, is very hard to transfect. We obtained single-donor human PBMCs that were either wild type at the *CCR5* locus or heterozygous for the *CCR5*-Δ32 mutation. Heterozygous PBMCs were used to allow accurate quantification of the editing frequency at a single locus. Furthermore, \~10% of all northern Europeans carry one copy of the Δ32 allele and therefore represent a potential genotype in many HIV-1--affected individuals.^[@bib11]^

NPs were formulated to contain the fluorescent dye coumarin-6 (C6) to quantify NP uptake into human PBMCs, as C6 is not released substantially from the particles during the period of these experiments. C6-containing NPs were added to PBMCs at 0.2 or 2 mg/ml and 24 or 72 hours later; the samples were analyzed by flow cytometry. Almost 100% of PBMCs, with nearly all CD4^+^ T cells, showed C6 fluorescence, demonstrating association of the C6-NPs with the cells (**[Figure 2a](#fig2){ref-type="fig"}**). To distinguish adhesion from uptake and thus extracellular from intracellularly localized NPs, trypan blue was used before flow cytometry to quench the fluorescence in the externally accessible NPs. Treatment with trypan blue only marginally decreased the overall fluorescence, suggesting that most particles were internalized into the cells (**[Figure 2b](#fig2){ref-type="fig"}**).

To evaluate the toxicity of the NP treatment, freshly isolated PBMCs were treated with C6-NPs at 0.2, 0.7, and 2 mg/ml and at 24 and 72 hours posttreatment; cell death was measured by assaying for lactate dehydrogenase release in culture supernatants. The C6-NPs did not significantly affect cell viability at any of the doses tested in comparison with untreated PBMCs (**[Figure 2c](#fig2){ref-type="fig"}**); the basal level of cytotoxicity observed is due to the culture of PBMCs in the absence of stimulatory cytokines. We also tested for NP-mediated induction of inflammatory responses. Quantitative reverse transcriptase polymerase chain reaction (PCR) was used to measure both TNF-α and IL-6 mRNA expression in PBMCs. **[Figure 2d](#fig2){ref-type="fig"}** shows that over the 3-day time course, no significant increases in either TNF-α or IL-6 mRNA levels were evident in PBMCs treated with either the blank NPs or *CCR5-*NPs compared with untreated cells, confirming that the NP preparations did not activate inflammatory pathways in primary human immune cells.

Targeted modification of *CCR5* in human PBMCs
----------------------------------------------

We assessed the ability of the *CCR5*-NPs to specifically modify the endogenous *CCR5* gene in healthy human PBMCs. PBMCs, in the absence of treatment with stimulatory agents, were treated with blank particles or NPs containing the triplex-forming PNA and donor DNAs (donors 591 and 597), both designed to introduce an in-frame stop codon into the *CCR5* gene leading to receptor knockout. Twenty-four hours posttreatment, genomic DNA was isolated from aliquots of the treated cell populations and analyzed by allele-specific PCR (AS-PCR).^[@bib7]^ Targeted modifications of the *CCR5* gene were detected only in the PBMCs treated with the PNA and donor DNA-containing NPs, indicating that efficient nuclear delivery of the effector nucleic acids was achieved producing site-specific modification at the endogenous *CCR5* locus (**[Figure 3a](#fig3){ref-type="fig"}**).

We next sought to determine the gene-targeting frequency and to evaluate for possible off-target effects in the genome after NP treatment. After confirming the presence of the targeted *CCR5* modification in *CCR5*-NP--treated PBMCs by AS-PCR 48 hours posttreatment (data not shown), genomic DNA from these cell populations was subjected to deep-sequencing analysis to survey the *CCR5*, *CCR2*, *CCR4*, and *CD4* alleles in the cell population by the Illumina pair-end deep-sequencing technique.^[@bib12]^ *CCR2* was chosen as an off-target control because it contains 86% sequence homology to *CCR5* in the target region (donor and PNA-binding region) and therefore offers a stringent test for off-target effects.^[@bib13]^ *CCR4* was sequenced because it has up to 67% homology to *CCR5* in various genomic regions and *CD4* was chosen because although it has no homology to our target site, knockout of this receptor would also lead to resistance to HIV-1 infection. The raw sequence data were subjected to alignment and analysis, and the results revealed a *CCR5* gene-targeting frequency of 0.97% (732 modified alleles of 75,435 sequenced) (**[Figure 3b](#fig3){ref-type="fig"}**) versus an off-target frequency in *CCR2* of 0.004% (130 modified alleles of 2,895,392 sequenced), 0% in *CCR4* (0 modified alleles of 5,035,475 sequenced), and 0% in *CD4* (0 modified alleles of 4,353,167 sequenced). These quantitative results indicate that triplex-induced gene targeting is highly specific, with an on-target frequency that is 216-fold higher than the off-targeting frequency in a highly homologous target site, the *CCR2* gene. In comparison, in a similar deep-sequencing analysis, zinc-finger nucleases (ZFNs) targeted to *CCR5* produced off-target effects in the *CCR2* gene in human cells at a frequency of 5.4%, more than 1,000-fold higher than what we have found for triplex-forming PNAs.^[@bib13]^

*CCR5*-modified PBMCs resist HIV-1 challenge after engraftment in NOD-*scid IL2rγ*^*-/-*^ mice
----------------------------------------------------------------------------------------------

Human PBMCs are capable of engrafting and proliferating as T cells in NOD-*scid IL2rγ*^*-/-*^ adult mice, and these engrafted mice can be challenged with live R5-tropic HIV-1.^[@bib14]^ Engraftment and expansion of PBMCs treated *ex vivo* with NPs therefore allows for the *in vivo* functional evaluation of HIV-1 resistance conferred by triplex-mediated gene modification. To assess this, PBMC populations were treated with NPs and injected into NOD-*scid IL2rγ*^*-/-*^ adult mice to evaluate their ability to engraft and expand *in vivo*. As shown in **[Figure 4a](#fig4){ref-type="fig"}**, engraftment of NP-treated PBMCs occurred at levels equal to those of untreated PBMCs with similar percentages of human leukocytes (CD45^+^) and human T-cell subsets detected in the mouse spleens 4 weeks posttransplant in all the treatment groups (as determined by flow cytometric staining with specific antibodies). Importantly, at 4 weeks posttransplantation, the targeted *CCR5* modification was detected in splenic lymphocytes only from the mouse transplanted with PBMCs treated with *CCR5*-NPs but not in the cells from the engrafted mice in the control groups (**[Figure 4b](#fig4){ref-type="fig"}**).

To ask whether targeted *CCR5* disruption through PNA/DNA-containing NPs confers resistance of the modified PBMCs to HIV-1, PBMCs heterozygous for the *CCR5*-Δ32 mutation were treated with either blank or *CCR5*-NPs. Twenty-four hours posttreatment, an aliquot of both cell populations was harvested, and analysis of the genomic DNA by AS-PCR confirmed the presence of the *CCR5*-targeted modification in only the *CCR5*-NP--treated cells (consistent with the results above; data not shown). The experimental and control cell populations were then transplanted into adult NOD-*scid IL2rγ*^*-/-*^ mice and allowed to engraft. Fourteen days posttransplantation, engraftment was confirmed by flow cytometric staining of mouse peripheral blood with antibodies specific for human T cells, and then the mice were infected with the CCR5-tropic HIV-1~BaL~ by intraperitoneal injection (**[Figure 5a](#fig5){ref-type="fig"}**). Peripheral blood was analyzed periodically over the course of 3 weeks to assess the dynamics of human CD4^+^ T-cell levels in response to the viral infection by flow cytometry. HIV-1 RNA levels in the plasma were assessed by the Amplicor (Roche Molecular Diagnostics, Indianapolis, IN) assay to provide a quantitative measure of viral infection.^[@bib15]^

Mice transplanted with the *CCR5*-NP--treated PBMCs maintained higher levels of human CD4^+^ T cells compared with the mice transplanted with PBMCs treated with blank NPs, at day 10 and day 14 postinfection (**[Figure 5b](#fig5){ref-type="fig"}**). Furthermore, the proportion of CD4^+^ T cells in the *CCR5*-NP-PBMC--engrafted mice continued to increase and reached levels similar to those seen in the uninfected mice by day 21 postinfection, in contrast to the blank NP-treated PBMC mice in which the CD4^+^ T cells declined and were almost completely lost by day 21 postinfection (*P* \< 0.05 between *CCR5*-NP and blank-NP-PBMC mice) (**[Figure 5b](#fig5){ref-type="fig"}**,**[c](#fig5){ref-type="fig"}**, upper panel).

Concordant with the kinetics of CD4^+^ T-cell levels, the *CCR5*-NP-PBMC mice as a group consistently had lower copies of viral RNA in blood as compared with the blank-NP-PBMC mice at all time points tested, with some mice recording undetectable levels of viral RNA as early as day 7 postinfection (**[Figure 5c](#fig5){ref-type="fig"}**, lower panel). Collectively, the persistent maintenance of CD4^+^ cells and the low viral RNA levels demonstrate that the effective disruption of the *CCR5* gene in the PBMCs treated with *CCR5*-NPs enables their maintenance and expansion in the face of HIV-1 viral infection *in vivo*. Importantly, this also validates that PLGA-NPs are a promising delivery system for the introduction of PNA-based gene-editing molecules into human T cells that are normally refractory to most nucleic acid transfection procedures.

Discussion
==========

Gene-editing approaches to achieve permanent *CCR5* gene disruption are gaining prominence as a means to eradicate HIV-1 infection. We report here the use of PLGA-NPs containing triplex-forming PNAs and donor DNAs for the targeted modification and permanent inactivation of the *CCR5* gene in primary human PBMCs. This approach eliminates the risk of insertional mutagenesis associated with other common *CCR5*-targeting methods like the use of viral vectors for ZFN or shRNA expression.^[@bib13],[@bib16]^ Furthermore, inherent toxicities are minimal as the approach does not necessitate the expression of exogenous nucleases and harnesses the natural host repair and recombination pathways. PBMCs efficiently internalized the formulated particles with minimal cytotoxicity, and the NP treatment did not elicit inflammatory responses or affect the ability of cells to engraft in a humanized mouse model. The frequency of site-specific modification of *CCR5* in the PBMCs was 0.97% after a single treatment, with an off-target frequency of just 0.004% in *CCR2*, the most closely related gene to *CCR5*. HIV-1 infection of NOD*-scid IL2rγ*^*-/-*^ mice engrafted with *CCR5*-NP--treated PBMCs demonstrated functional disruption of *CCR5* as the mice showed recovery of CD4^+^ T-cell numbers with low to undetectable levels of viral RNA in the plasma, unlike mice engrafted with blank NP-treated cells. Stabilization of CD4^+^ T-cell levels was observed as early as 10 days postviral challenge and by day 21, xenogeneic expansion restored CD4^+^ T cells to levels similar to those in uninfected control mice. Importantly, preservation of CD4^+^ T-cell levels was achieved even with *CCR5* modification at a frequency of \~1%, indicating that this level of *CCR5* gene editing by triplex-forming PNAs and donor DNAs may be sufficient for a functional effect *in vivo* at least in cells already heterozygous for the *CCR5*-Δ32 mutation. We recognize that the rapidity of the CD4^+^ T-cell recovery might have been promoted by a quick expansion of the human T cells in a xenogeneic host environment. Nonetheless, this functional endpoint was achieved with an extremely low off-target frequency that may provide a substantial clinical advantage to this triplex-based approach as compared with nuclease-based strategies.

In the treated cell population of *CCR5*-Δ32 heterozygous PBMCs, a 1% overall modification frequency in the *CCR5* target gene would, on average, render 0.5% of the cells homozygous, null for CCR5, assuming that either allele is equally susceptible to PNA-mediated targeting. The theoretical maximal yield of homozygous null cells would be 1% if all of the gene editing occurred on the wild-type allele, but this is not likely. Yet, even though only 0.5% (and at most 1.0%) of the NP-treated PBMCs were potentially rendered *CCR5* null, these double knockout cells have a strong selective advantage in the face of HIV-1 infection *in vivo*, allowing the modified PBMCs to expand without being destroyed by the virus, leaving the unmodified cells to become infected and die off. Our results show that having 0.5% homozygous null cells in the engrafted population is sufficient to allow repopulation of CD4^+^ T cells in the face of HIV-1 infection because of the strong selective advantage *in vivo* in the mice. As shown in our data, this process occurs over several weeks *in vivo* and implies that if we were able to treat patient-specific *CCR5*-Δ32 T cells *ex vivo* and reinfuse them back into the patient, the resulting CCR5 null T cells could have a significant advantage that could lead to increased CD4 counts and reduced viral load. Furthermore, we have shown previously that we can directly modify human CD34^+^ stem cells *in vivo* in a similar mouse model by tail-vein injection of PNA-containing NPs.^[@bib9]^ If such stem cells were modified, the T cells produced from these cells should have the same selective advantage in the face of viral challenge as the *ex vivo* modified T cells described here.

PBMCs are generally resistant to common transfection procedures. Due to their net neutral or positive charge, PNAs cannot be delivered by cationic lipids and instead have to be delivered by other means (such as electroporation, cell penetrating peptides, or microinjection), techniques which can be less effective or associated with considerable toxicity.^[@bib17],[@bib18],[@bib19],[@bib20],[@bib21]^ Biodegradable PLGA-NPs enabled the delivery of PNA and donor DNA oligonucleotides into PBMCs in the absence of activating agents. PLGA is an FDA-approved material, and drug delivery systems based on PLGA are currently in clinical use.^[@bib22]^ PLGA-NPs can also be modified on their surface to enable cell- and tissue-specific targeting to blood, lung, liver, and spleen; therefore, potentially allowing for cell- or tissue-specific delivery of PNAs and DNA donor oligonucleotides *in vivo* for specific gene-targeting applications.^[@bib23],[@bib24]^

We previously demonstrated a targeting frequency of 2.46% in the *CCR5* gene in human THP-1 cells with the same gene-targeting molecules used here but using electroporation as a means for delivery.^[@bib7]^ However, we found that electroporation leads to very high toxicity in primary human PBMCs and abrogates their ability to successfully engraft using the same transplant protocol as described here (data not shown). In addition, in the THP-1 cells, direct sequencing of the *CCR2* gene yielded an estimated off-target frequency of no more than 0.057%, with no mutations detected in the 1,740 cells analyzed, at least two orders of magnitude less than the reported 5.4% off-target frequency seen with ZFNs.^[@bib7],[@bib13]^ In the work reported here, *CCR5*-NP treatment of PBMCs led to a precise genomic change in *CCR5* at a frequency of 0.97%, as determined by Illumina deep sequencing. Furthermore, there were just 130 sequences changed in *CCR2* in 2.8 million reads, an off-target frequency of 0.004%, which is more than three orders of magnitude less as compared with the off-target frequencies in *CCR2* reported for ZFNs targeting *CCR5*.^[@bib13]^

Although the targeted modification frequency achieved by the PNAs (0.97% in a single treatment) is about 15- to 30-fold lower than that seen with ZFNs, the PNAs still yielded functionally significant levels of gene editing in the target cell population, as evidenced by the HIV-1 resistance demonstrated in the engrafted mice. In addition, the *CCR5* gene editing by the PNAs, in contrast to the ZFNs, was achieved without the use of viral vectors or activated T cells. However, the key point of comparison between PNA- and nuclease-based gene editing is the relatively high off-target genome effects of ZFNs, arising because ZFNs generate cleavage events throughout the genome at many other off-target sites.^[@bib25]^ Comparatively, the much lower rate of off-target genome effects with triplex-forming PNAs at nonhomologous sites (more than 1,000-fold lower in comparison with ZFNs) has been determined by cumulative analyses of more than 1 × 10^7^ alleles.^[@bib26]^

It is also important to note that our methodology includes both the triplex-forming PNA to induce DNA repair and a donor DNA for the templated recombinational repair. We have reported previously^[@bib7]^ that a single mismatch in the PNA-binding site (as is the case with *CCR2*) leads to a fourfold decrease in PNA binding to the target site. Although there may be other sites where the PNA can show partial or weak binding in the genome, even a single mismatch can reduce the binding efficiency that is needed for the induction of DNA repair. In prior work, we showed that weak-binding triplex-forming molecules do not effectively provoke DNA repair or recombination.^[@bib27]^ For triplex-forming PNAs to be effective, they must bind very tightly and create a strong helical distortion that requires the nucleotide excision repair pathway for resolution.^[@bib28]^ Several studies have shown that, otherwise, triplexes can simply be unwound and removed by helicases.^[@bib29],[@bib30],[@bib31]^ Further to the point of specificity, the gene editing we report is the product of the combined activity of both the triplex-forming PNAs and the donor DNAs at their respective cognate sites in *CCR5* and as such requires these sites to be nearby, at least within a few 100 base pairs.^[@bib27]^ We have shown previously that donor DNAs, alone, can only mediate very low levels of targeted gene modification and that high-affinity triplex formation at a nearby site is needed to induce higher levels of recombination and gene editing. The combined action of both the donor DNA and the PNA molecules therefore requires the presence of nearby sites with homology to both molecules, providing a further level of stringency.

Importantly, therefore, although the triplex-forming PNAs are less efficient at inducing gene editing compared with engineered nucleases, they are also much less dangerous to other sites in the genome. The relative safety of triplex-forming PNAs is explained by the fact that they provoke recombination only by creating an altered helical structure that engages the cell\'s own repair mechanisms; they have no intrinsic nuclease or DNA-damaging activity. Triplex-forming PNAs can stimulate gene editing only by binding tightly to their matched target site. Because even one or two nucleotide mismatches strongly inhibit PNA binding, there is much less risk of mutations at nontargeted sites.^[@bib27]^ This critical difference between triplex-forming PNAs and ZFNs is an important consideration for developing a clinical therapy, since off-target strand breaks could have deleterious consequences, with an increased risk of mutagenesis potentially leading to leukemias and other malignancies.

NP treatment of PBMCs had no deleterious effects on their ability to engraft and proliferate in mice. Multilineage repopulation was seen with levels equal to those produced by untreated cells. The presence of the targeted modification was confirmed in the splenic cells from mice transplanted with PBMCs treated with *CCR5*-NPs 4 weeks posttransplant, showing that the *CCR5*-modified cells are viable *in vivo* and that the targeted modification persists in the cell lineage during engraftment and expansion. Our recent publications also demonstrate that the triplex PNA approach can be extended to CD34^+^ hematopoietic stem cell precursors and does not affect their differentiation capacity.^[@bib8],[@bib9]^

Overall, the work reported here demonstrates the feasibility of a NP and triplex-mediated strategy for permanently inactivating the CCR5 receptor in human T cells from HIV-1--infected individuals. Through autologous transplantation procedures, this could create a virus-resistant reservoir of cells, potentially leading to a 'functional cure\' for HIV-1.

Materials and methods
=====================

*Design and synthesis of PNAs and single-stranded donor oligonucleotides.* The PNA and donors used were previously characterized.^[@bib7]^ Briefly, tcPNA-679 (N-Lys-Lys-Lys-JTJTTJTTJT-OOO-TCTTCTTCTCATTTC-Lys-Lys-Lys-C) was synthesized by Bio Synthesis (Lewisville, TX) or Panagene (Daejeon, Korea) and purified by RP-HPLC. Three lysine residues were conjugated to both the N- and C-terminal ends of the PNA for increased bioactivity, and 8-amino-2,6-dioxaoctanoic acid linkers were used as the flexible linker "O." DNA oligonucleotides were synthesized by the Midland Certified Reagent Company (Midland, TX) and purified by RP-HPLC. All donor oligonucleotides were 5′ and 3′ end protected with three phosphorothioate internucleoside linkages.

*NP formulation.* PLGA-NPs were formulated by a double-emulsion solvent evaporation technique as previously described.^[@bib32]^ Particles were stored at −20 °C following lyophilization.

*NP characterization.* Release of nucleic acids from particles was determined by incubating 4--6 mg of particles in 600 µl of PBS (Gibco, Grand Island, NY) in a 37 °C shaking incubator. Tubes were spun down and supernatant was removed at indicated time points and the absorbance at 260 nm was measured.

A sample of particles was analyzed using scanning electron microscopy (SEM). Samples were coated with 25-nm thick gold using a sputter coater and images were analyzed using ImageJ software (National Institutes of Health), with \>500 particles analyzed per batch to determine size distribution. Brightness, contrast, and threshold were adjusted to enhance particle outlines, and ImageJ\'s "Analyze Particles" function was used to calculate the area of each particle.

*Cell culture.* Single-donor PBMCs were obtained from Cellular Technology (Shaker Heights, OH) and maintained in CTL-Test medium. Cells were thawed as per the Cellular Technology protocol and resuspended at 2 × 10^6^ cells/ml in CTL media supplemented with L-glutamine (Gibco).

*NP treatment of cells.* NPs were resuspended in 500 µl of cold media. Resuspended particles were vortexed for 1 minute followed by sonication in an ice water bath for 30 seconds to ensure homogenous suspension of the particles. Resuspended particles were then added to the cells to the desired final concentration.

*NP uptake in PBMCS.* Uptake of C6-labeled NPs was determined by FACS, with trypan blue used to quench extracellular fluorescence as described previously.^[@bib8],[@bib33]^

*NP cytotoxicity.* PBMCs were thawed and counted. Phytohemagglutinin of 5 µg/ml was added to the cells, and then PBMCs were seeded at 2 × 10^5^ cells/well in a 96-well plate for overnight stimulation. The next morning, 20 U/ml of IL-2 was added to all the wells containing PBMCs. Later, in the afternoon, NPs were added to the cells in triplicate at the indicated final concentrations. Twenty-four hours later, 100 μl of the culture supernatant was removed from each well and added to a new plate to allow assay for lactate dehydrogenase activity (Cytotox-ONE; Promega, Madison, WI, according to the manufacturer\'s instructions). Cytotox-ONE substrate of 100 μl was added to each well and incubated for 10 minutes at room temperature. Cytotoxicity was calculated by the following formula: % cytotoxicity = (sample--culture medium background)/(lysed sample--culture medium background) where lysed sample corresponds to complete lysis of cells under identical conditions with a detergent. The experiment was done three times with three replicate wells per experiment for statistical considerations.

*Genomic DNA isolation.* Genomic DNA was isolated from cultured samples using the Wizard SV Genomic DNA Purification System (Promega). DNA was eluted with 100 μl of dH~2~O and diluted to 45 ng/μl for AS-PCR.

*AS-PCR.* AS-PCR was performed as previously detailed.^[@bib7]^ The allele-specific forward primers were designed to contain the specific 6-bp mutations at the 3′ end while the wild-type forward primers contain the wild-type *CCR5* sequence at the same position. Primer sequences and cycle parameters were available upon request. PCR products were separated on a 1% agarose gel and visualized using a gel imager. Wild-type forward primers paired with the universal reverse primer were used as a loading control.

*Illumina sequencing preparation.* Hundred base pair regions of *CCR5* and *CCR2* were amplified by PCR (including the site of the 6-bp mutation) from genomic DNA isolated from *CCR5*-NP and blank NP-treated PBMCs. PCR products were processed as per standard Illumina protocols to repair ends and add adapters. Equal amounts of each PCR product (*CCR5* and *CCR2*) was pooled per treatment sample and given to the W.M. Keck Facility at Yale University for multiplexing and 75-bp, pair-end sequencing on the Illumina Genome Analyzer IIx platform.

*Deep-sequencing data analysis.* Paired-end Illumina sequencing reads were first demultiplexed and low-quality bases (Q2) were trimmed from the 3′ ends. Overlapping reads with at least 45 high-quality bases were combined into a single-consensus sequence and aligned against the amplicon sequences of *CCR5* and *CCR2* allowing one mismatch in the first 20 bases and up to 10 mismatches in subsequent sequence using Bowtie. Mutations were called using the default Bowtie output. Mutation frequencies were then scored for each gene by dividing the number of independent mutations by the total number of reads aligned to a gene, with adjacent mutations being counted as a single independent mutational event. Targeting frequencies were calculated as the number of occurrences of a target mutation divided by the total number of reads for each gene. Targets for *CCR5* were a GCTGCT to CTAAGC substitution at positions 52--57 and a TGTCAT to CTGAGG substitution at positions 58--63. Cognate changes for *CCR2* would be a GCTGCT to CTAAGC mutation at positions 27--32 and a CATCAT to CTGAGG substitution at positions 33--38.

*Measurement of inflammatory cytokine mRNA production.* PBMCs were collected through density-gradient centrifugation with Ficoll Histopaque (Sigma, St Louis, MO) and plated directly in CTL Test Media (Cellular Technology) supplemented with 1% L-glutamine. After 8 hours, nonadherent cells were replated at 2 million cells/ml and treated with 0.7 mg/ml of the indicated NPs. At various time points, samples were harvested and stored at −80 °C in RNAlater (Qiagen, Valencia, CA). RNA was extracted using the RNeasy Mini Kit (Qiagen) as per manufacturer\'s protocol, and cDNA was synthesized using the SuperScript II First-Strand Synthesis Kit (Invitrogen). Quantitative PCR was performed on cDNA with 20% Betaine (Sigma), 0.2 mmol/l dNTPs (American Bioanalytical, Natick, MA), Advantage 2 Polymerase mix (Clontech, Mountain View, CA), SYBR Green (Strategene, Santa Clara, CA), ROX (Strategene), and 2% Platinum Taq (Invitrogen). The following primers were used: TNF-α: 5′-gtggagatctcttcttgcac-3′ and 5′-cttgagaatgttaagggcact-3\', IL6: 5′-actcacctcttcagaacgaa-3′ and 5′-tctggattcaatgaggagac-3′, and glyceraldehyde-3-phosphate dehydrogenase: 5′-gaaggtgaaggtcggagt-3′ and 3′-gaaatcccatcaccatcttc-5′. Primer sequences were obtained from the literature.^[@bib34]^ The cycle conditions used were 94 °C for 2 minutes, followed by 40 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds, and 72 °C for 1 minute. Relative gene expression was calculated using the 2^−ΔCt^ method, with glyceraldehyde-3-phosphate dehydrogenase used as the reference gene.

*Mouse transplantation with PBMCs.* All the animals used were in accordance with the guidelines of the Institutional Animal Care and Use Committee of Yale University, The Jackson Laboratory, and conformed to the recommendations in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Research Council, and National Academy of Sciences, 1996). NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice have been described previously and were obtained from the research colony maintained by L.D.S. at The Jackson Laboratory (Bar Harbor, ME).^[@bib35]^

*CCR5*-Δ32 heterozygous or wild-type PBMCs were thawed as per CTL protocol, and 20 × 10^6^ cells were treated with blank-NPs and 20 × 10^6^ cells were treated with *CCR5*-NPs \~8 hours after thawing. Sixteen hours posttreatment, genomic DNA was isolated from an aliquot of each cell population and analyzed by AS-PCR for the presence of both donor-directed modifications. After confirmation of our desired modifications, cells were pelleted and resuspended at a concentration of 2.5 × 10^7^ cells/ml in RPMI for injection into NOD-*scid IL2rγ*^*-/-*^ mice. 5 × 10^6^ PBMCs were transplanted into each NSG mouse through intraperitoneal injection.

Eight to 10 days after transplantation, mice were checked for reconstitution of human T cells by retoorbital venipuncture. Samples (100 µl) were layered onto ficoll-paque (GE Healthcare, Sunnyvale, CA) to separate mononuclear cells from erythrocytes. PBMCs were then assayed for lineage markers of human origin using antibodies purchased from BD Biosciences, San Jose, CA. Antibodies used were as follows: mouse anti-human CD45-APC, mouse anti-human CD3-FITC, mouse anti-human CD4-PerCP-Cy5.5, and mouse anti-human CD8-PE. Fluorescent data were acquired using a BD FACS Calibur machine, and data were analyzed using FlowJo 7.6 (Tree Star, Ashland, OR).

Four weeks after transplantation, a cohort of mice were killed, and various tissues were harvested and flash frozen. Genomic DNA was isolated from these tissues by phenol/chloroform extraction and analyzed by AS-PCR and quantitative AS-PCR.

*Infection of humanized mice with HIV-1.* Two weeks after transplantation with human PMBCs, mice were infected with 5,600 TCID~50~ HIV-1~BaL~ by intraperitoneal injection. Mice were monitored for CD4 and CD8 counts and/or HIV-1 viremia by flow cytometry and Amplicor HIV-1 Monitor Test v1.5 (Roche Diagnostics, Indianapolis, IN), respectively. Peripheral blood samples were collected on days 4, 7, 10, 14, and 21 postinfection by retroorbital bleeding. PBMCs purified by ficoll-paque density centrifugation were stained as described above for the expression of human CD45, CD3, CD4, and CD8. Serum was stored at −80 °C until assayed for the presence of HIV-1 viral RNA. Peripheral T-cell ratios and plasma HIV-1 viremia were monitored by flow cytometry and the Amplicor assay for viral loads.

*Statistical analysis.* The data were analyzed using GraphPad Prism 5 (GraphPad, La Jolla, CA). Repeated-measures one-way analysis of variance with Tukey\'s multiple comparison testing were used to compare the treatment groups (for both *in vitro* and *in vivo* experiments) and to determine significance. All data with *P* \< 0.05 were considered significant.
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![**Nucleic acid release from *CCR5* nanoparticles**. (**a**) Schematic of the *CCR5* gene with the triplex-forming peptide nucleic acid, tcPNA-679, binding to the genomic DNA downstream of the two donor DNA oligonucleotides. K, lysine residue, J, pseudoisocytocine. (**b**) To calculate the kinetics of release of encapsulated nucleic acid, nanoparticles (NPs) were incubated in PBS at 37 °C and NP-free supernatants were collected for the analysis of total nucleic acid content by the absorbance at 260 nm at the indicated time points. At 48 hours, the residual nucleic acid in the NP pellet was extracted and the total nucleic acid load was calculated as a sum of absorbance obtained from the pellet and supernatant. Inset: SEM image of NPs. The average size of the NPs, calculated using the ImageJ software is depicted as mean ± SD. Scale bar: 500 nm.](mtna201359f1){#fig1}

![**Characterization of *CCR5* nanoparticles (NPs)**. (**a**) NPs containing the dye, coumarin 6 (C6) were added to wild-type peripheral blood mononuclear cells (PBMCs) (0.2 or 2 mg/ml), and fluorescence was measured by flow cytometric analysis 24 or 72 hours posttreatment. Cells were costained with anti-CD4-APC. (**b**) PBMCs treated as described above were quenched with trypan blue to assess internalized fluorescence versus external cell-associated fluorescence (uptake versus external association of NPs). Histograms of C6 fluorescence are shown. (**c**) Polyhydroxyalkanoate-activated PBMCs were treated with blank or *CCR5*-NPs at 0.2, 0.7, or 2.0 mg/ml, and culture supernatants were assayed for lactate dehydrogenase activity at 24 and 72 hours of culture. The positive control (lysed cells) for total lactate dehydrogenase release represents cells completely lysed with detergent. Repeated-measures one-way analysis of variance testing followed by a Dunnett\'s multiple comparisons test found no significant differences between the three groups treated with NPs and the untreated control cells (*P* \> 0.05). ns, not significant. (**d**) Wild-type PBMCs were either untreated or treated with the indicated NPs and RNA was isolated at various time points. Quantitative reverse transcriptase polymerase chain reaction was performed to determine the mRNA levels of tumor necrosis factor-α or interleukin-6, and glyceraldehyde-3-phosphate dehydrogenase was used for normalization.](mtna201359f2){#fig2}

![**Triplex-mediated genomic modification in peripheral blood mononuclear cells (PBMCs) shows low off-target effects**. (**a**) Blank nanopartcles (NPs) containing phosphate-buffered saline or *CCR5*-NPs containing donors and peptide nucleic acids were added to wild-type human PBMCs at a final concentration of 0.5 mg/ml. Twenty-four hours later, genomic DNA was isolated from the treated samples as well as untreated PBMCs, and targeted modification of the *CCR5* gene was detected by AS-PCR. (**b**) Table depicting gene-targeted and off-targeted modification frequencies as determined by Illumina deep sequencing of the *CCR5* and *CCR2* gene in blank and *CCR5*-NP--treated PBMCS. The ratio of *CCR5* to *CCR2* targeted was determined by dividing the *CCR5* modification frequency by the *CCR2* modification frequency indicated in the table.](mtna201359f3){#fig3}

![***CCR5*-nanoparticle (NP)--treated peripheral blood mononuclear cells (PBMCs) efficiently engraft NOD-*scid****IL2rγ-/*^***-***^ **mice**. (**a**) Bar graph depicting the percentages of individual human lymphocytic populations in spleens of adult NOD-*scid IL2rγ*^*-/-*^ mice reconstituted with PBMCs that were untreated, treated with blank, or *CCR5*-targeted nanoparticles. %CD45 alone refers to the remainder of the CD45-positive cells that were not CD3^+^. A two-way analysis of variance with Tukey\'s multiple comparisons revealed no significant differences among the different groups. (**b**) Identification of targeted modification of the *CCR5* gene in splenocytes of humanized mice reconstituted with human PBMCs (either untreated, treated with blank NPs, or with *CCR5*-NPs) at 4 weeks posttransplant. Allele-specific polymerase chain reaction was performed on the genomic DNA with the donor 1 primers.](mtna201359f4){#fig4}

![**Mice reconstituted with *CCR5-*targeted nanoparticle (NP)-treated peripheral blood mononuclear cells (PBMCs) resist HIV-1 challenge**. (**a**) Experimental timeline: PBMCs from a donor heterozygous for the Δ32 mutation were treated with either blank or *CCR5*-NPs and transplanted into NOD-*scid IL2rγ*^*-/-*^ mice that were infected 2 weeks later with HIV-1~BaL~. (**b**) Representative fluorescence-activated cell sorting plots depicting the CD4^+^ and CD8^+^ T cells from one mouse of each treatment group over time. (**c**) Flow cytometric evaluation of peripheral T cells (upper panel) and plasma viral copy numbers measured by the Amplicor test (lower panel). CD4^+^ T-cell ratios were calculated as a ratio of the entire CD3 population (CD3^+^CD4^+^:CD3^+^). The solid black line in the lower panel represents the limit of detection of the Amplicor test. Statistical significance was analyzed by repeated-measures one-way Anova followed by Tukey\'s multiple comparisons test. NS, not significant.](mtna201359f5){#fig5}
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